A study was made on the total ATP-ase, alkaline phosphatase, and glucose-6-phosphatase acti vity in homogenates prepared from normal monkey kidney cells in tissue culture. A characterization of such activity under standardized assay conditions revealed that in comparable amounts of cell homogenate ATP-ase was 8 -10 times as active as alkaline phosphatase and glucose-6-phosphatase. Substrate hydrolysis was brought about by the activity of each enzyme at a rate which was constant with respect to time. The amount of substrate hydrolyzed, in each case, was directly proportional to the concentration of homogenate used in the assay system. Within certain limits this was also true with respect to substrate concentration. However, with increasing amounts of substrate and a constant amount of cell homogenate a point was reached where the activity of each enzyme became independent of initial substrate concentration. Under one set of assay conditions the total ATP-ase in cell homogenates was shown to be optimally active at approximately pH 7 while under another the enzyme showed a nearly directly proportional increase in activity per unit time between pH 4 and ph 10. Using standardized assay conditions such ATP-ase activity was markedly enhanced over that found in similar systems lacking added calcium and magnesium ion. No further stimulation of the activity of this enzyme, or of alkaline phosphatase and glucose-6-phosphatase, resulted from their interaction with 2.4-dinitrophenol. The substrate hydrolysis produced by the activity of each enzyme in cell homogenate preparations resulted from irreversible reactions. Such homogenates were incapable of carrying out an exchange reaction of radioactive orthophosphate with the phos phorous from any of the substrates used in this study.
Phosphatases such as ATP-ase, alkaline phospha tase, and glucose-6-phosphatase are found in almost all tissues which have been studied. Their exact role in metabolic processes, however, is still not well understood. Some evidence exists that they are as sociated to a certain extent with degenerative changes occurring in certain cell organelles 1_5. In addition, they are thought to have some function in inorganic phosphate conservation by cells in order to supply the requirem ents for this substance in many metabolic reactions 6_10.
Since poliovirus infection induces extensive de generation (cytopathogenicity) in tissue cultured monkey kidney cells, and since this infection is known to markedly alter the phosphorous meta bolism of mammalian cells 11-13? the study was undertaken to determine whether the activity of spe cific cellular phosphatases is also altered as a result of such infection.
One of the prim ary disadvantages to the study of ATP-ase, alkaline phosphatase and glucose-6-phosphatase, is their lack of specificity. With the use of impure preparations from cells (i. e. homogenates, particulates), therefore, it is necessary to carefully control and standardize the assay conditions with the understanding that a composite activity is being recorded. Having this necessity in mind, the initial part of this work was concerned with the characteri zation of the activity of these phosphatases under a variety of environm ental conditions.
Materials and methods
Cells were obtained from the kidneys of cynomolgus monkeys. A 1:200 (vol/vol) suspension was prepared by the method of Y o u n g n e r 14 using the modifications resommended by R a p p a p o r t 15. The growth medium consisted of M e 1 n i c k's tissue culture fluild 16 con taining 5% inactivated (56 °C/30min.) calf serum. The cell suspension was plated in approximately 250 ml amounts into 5 I Povitsky flasks and incubation was carried out at 37 cC. After about 4 days a fluid change was usually made to enhance the cell yield. After incubation for a total period of 7 days the cells were utilized in experimental work. The yield from 14 -22 flasks provided material for each experiment.
Suspensions of such cells were prepared by washing each monolayer with approximately 100 ml of phos phate buffered saline (P.B.S.) followed by treatment with 100 ml of 0.125% trypsin (Difco 1:250) in P.B.S. at 37 °C until all cells were removed from the glass surface. Such fluids were then drained into 250 ml cen trifuge bottles. Each flask was washed with 50 ml P.B.S. to collect residual cells and these washings were pooled with the trypsinized cells. The bottles were cen trifuged at 600 R.P.M. in an International SB-1 centri fuge for 3 minutes. After removing the supernatant fluids the cells were washed once with M e 1 n i c k's fluid and resuspended in 200 ml of the same medium at 37 C in a 500 ml baffled flask containing a magne tic bar. Low speed agitation of this material for about 2 hours at constant temperature was carried out on an isolated magnetic stirrer in order to bring the metabolic activity of such cells to optimal levels. During this period the ph of the medium dropped rapidly unless periodic additions of 2.8% NaHC03 were made in order to maintain it at approximately 7. 4 .
Homogenization of the cells was carried out after initially washing them 3 times in 0.85% NaCl. This step was done as rapidly and gently as possible to mini mize leakage of cellular components into the extracellu lar environment. After the final wash the pellet was suspended in a small amount of physiological sodium chloride whose volume was determined by the volume of homogenate required for a given experiment. This highly concentrated cell suspension was distributed into Wasserman tubes (<C 2.5 ml/tube) which were then tightly sealed with rubber stoppers. These tubes were subjected as rapidly as possible to five cycles of freezing and thawing with a dry ice-ethanol mixture. Microscopic examination revealed that a minimum of 3 cycles was required before intact cells could no longer be observed. The contents of all tubes were pooled and stored at 4 °C until used.
The total ATP-ase, alkaline phosphatase, or glucose-6-phosphatase activity in such cell homogenate prepara tions was assayed in one or more of the following buf fer systems: 9. 2), and Ethanolamine (pn 9.5) buffer systems. Glucose-6-phosphatase activity was assayed with the substrate di sodium glucose-6-phosphate (Sigma) -7.5 • 10-3 M in the B.C., B.C.G.G., and Maleic Acid buffer systems at a ph of 6.9 . In most cases the pn of the substrate-buffer media was adjusted with 0.1 N NaOH or 0.1 N HC1 to the required value. Such solutions were stored at 4 °C in stoppered flasks until used. Any variations from these standardized assay systems will be noted in the pertinent areas of the section on results.
To carry out each assay 9.0 ml of the appropriate substrate-buffer were placed in a 15 ml screw-cap tube. Duplicate solutions were usually set up on each pre paration to verify reproducibility. All tubes were then placed in a 37 °C water bath. After temperature equili brium, 1.0 ml of pooled uniform homogenate was added to each tube followed by thorough mixing.
As substrate hydrolysis proceeded under these con ditions, periodic samples of 1.0 ml were removed from the homogeneous contents of each tube. These were placed in 4.0 ml of saturated ammonium sulfate in 0.20 M acetate buffer at pn 4.0 to prevent further enzy matic activity. The samples were then placed at 4 cC in tightly rubber stoppered Wasserman tubes for several days to precipitate the protein in the solution.
Assay intervals of less than 10 hours were generally used to avoid excessive inactivation of the enzymes being studied. At the termination of the experiment the PH of each reaction mixture was usually checked. An alteration in pH greater than ± 0.2 units was not en countered in most cases.
All samples removed during the assay interval were analyzed for ortho-phosphate phosphorous by the me thod of L o w r y and L o p e z 17, using a Coleman Jr. spec trophotometer (Model 6 A ). Preliminary work showed that non-enzymatic hydrolysis of the respective sub strates did not occur at 37 °C over a period much lon ger than that used for the assay interval in each ex periment.
An assumption was made in this study that the con centration of each enzyme was directly proportional to the amount of homogenate used as a source of the enzyme. Therefore, the total nitrogen present per unit volume was taken as a means to measure the relative amounts of enzyme in different preparations. After the preparation of cell homogenates homogeneous samples were removed and analyzed for total nitrogen content by the micro -K j e 1 d a h 1 method described by S t e y e r m a r k 18, using a single piece steam distillation unit.
Results
The Effect of the Buffer System on Enzyme Acti vity. Cell homogenates were prepared and assayed for total ATP-ase, alkaline phosphatase, and glucose-6-phosphatase according to the standard proce dures given above.
The results obtained using the B.C. buffer system are plotted in Figs. 1, 2 and 3. It can be seen that the activity of each enzyme was such that substrate hydrolysis proceeded at a rate which was constant with respect to time. ATP-ase activity tended to level off as the substrate became limiting in concentra tion. These data also indicate that substantial amounts of orthophosphate were present in each as say system at the beginning of the reaction period. Presumably this was due to intracellular phospho rous released during the homogenization procedure.
The data from this experiment a l s o i n d i c a t e d that the a d d i t i o n of g lu c o s e and L -g lu t a m i n e to the B.C. buffer system had n o effect o n phosphatase activity under the assay conditions. Therefore, their use was discontinued in further work.
When substrate hydrolysis versus time was plot ted as a measure of ATP-ase, alkaline phosphatase, and glucose-6-phosphatase activity in the presence of the Histidine, Ethanolamine, and Maleic Acid buffer systems, respectively, it was again shown that such activities were directly proportional to time. However, in all cases the velocity was significantly enhanced over that observed when the B.C. buffer system was used. The quantitative relationships of these differences can be noted from the data which follow.
The Effect of Homogenate Concentration on E n
zyme Activity. Experiments were carried out to de termine the ATP-ase, alkaline phosphatase, and glucose-6-phosphatase activity in varying concentra tions of homogenate using the otherwise standard ized conditions of assay. It can be seen from the re sults which are plotted in Figs. 4 , 5, and 6 that the total activity of each enzyme, obtained with a variety of substrate concentrations in the standard B.C. buf fer system, was directly proportional to the concen tration of cell homogenate used as a source of the enzyme. Over the range of homogenate concentra tions used, the enzymatic activity observed in each 
30-
case was again directly proportional to time over a period of 4 to 6 hours or longer. This is illustrated by the data plotted in Fig. 7 . Data from the experiments utilizing the Histidine. Ethanolamine, and Maleic Acid buffer systems in the assay of the enzymes are plotted in Figs. 8, 9 . and 10. Under these conditions the total activities were, in each case, again directly proportional to the concentration of cell homogenate used.
The Eßect oj Substrate Concentration on Enzyme
Activity. When experiments were carried out to determine the effect of varying substrate concentra tions on the activity of the three phosphatases under study the results plotted in Figs. 11, 12 , and 13 were obtained. Under the conditions of each assay the amount of substrate hydrolized was again found to be directly proportional to time for a period of 4 to 6 hours or longer. It can be seen from these figures that the total activity of each enzyme in a constant am ount of cell homogenate was directly proportional to the initial concentration of substrate in the assay system. The presence of non-enzymatically produced orthophos phate at the beginning of each assay period was p ar ticularly marked in these experiments due to the rather high concentration of cell homogenate used as a source of each enzyme.
The relationship observed, however, between acti vity and initial substrate concentration was found in each case to hold only within a certain range of values. As the enzyme source was reduced in amount, and the substrate concentration was in creased, a point was reached where the activity of each enzyme became independent of the initial sub strate concentration. This is illustrated in Fig. 14 by data obtained for ATP-ase.
The Eßect of pn on Enzyme Activity. Prelim i nary experiments indicated that an assessment of the effect of pn on these enzymes could only be made in the case of ATP-ase. The very low activities which were obtained with the other two enzymes when the pn of the assay system was varied were not signifi cantly reproducible.
When constant amounts of substrate in the B.C. buffer system were standardized with respect to pn ? and the ATP-ase activity of a uniform concentration of cell homogenate was determined under these con ditions, the results plotted in Fig. 15 were obtained. It can be seen that substrate hydrolysis proceeded per unit assay time in a manner which was nearly directly proportional to the pn of the assay system. As in the previous experiments the total activity of this enzyme, in each case, was directly propor tional to time. However, the rate of substrate hydro lysis was so rapid at higher pn that under these con ditions this proportionality was maintained over an assay period of only two hours or less because limiting concentrations of substrate were readied in this time. Incubation of all substrate-buffer solutions at 37 C, in the absence of cell homogenate, for periods in excess of 6 hours resulted in insignificant substrate hydrolysis.
A similar experiment carried out with the H isti dine buffer system gave the results which are plotted in Fig. 16 . These show that the enzyme was opti-mally active at about pn 7. The reason for this striking variation in activity of ATP-ase in the two buffer systems, which was confirmed by additional work, is not clear but some speculation on the obser vation follows in the Discussion section. 
The Effect of Certain Divalent Cations on Enzyme
Activity. An experiment was carried out to assess the effect of calcium and magnesium ions in the B.C. buffer system on total ATP-ase activity. The results plotted in Fig. 17 were obtained. It can be seen that in the absence of these ions the activity of the enzyme was markedly reduced. Similar experiments where each of these ions was varied independently of the other over an increase in concentration of three and five times the standard one gave essen tially identical results to those shown in Fig. 17 . Undoubtedly the cell homogenate used as a source of the enzyme contained significant amounts of Ca2 * and Mg2 ®. Presumably this ionic material contri buted to that ATP-ase activity which was observed under conditions where neither of these ions was added to the buffer system.
ASSAY TIME (H O U R )

The Effect of 2.4-Dinitrophenol ( D N P ) on Enzyme
Activity. When DNP was incorporated into the standard B.C. buffer system in concentrations of 1 • 10-6 M, 5• 10-6 M. 1 • 10-5 M. 5 • 10~5M, 110"4 M, 5 • 10-4 M, 1 • 10-3 M, and 5 -10_ 3 M and these solutions were then adjusted to the proper , after the addition of the respective substrates, it was found that in no case was an enhancement of ATPase, alkaline phosphatase, or glucose-6-phosphatase activity brought about in cell homogenates by the presence of this DNP, over that obtained in the cor responding assay system under standard conditions. This is illustrated in Fig. 18 from data obtained on ATP-ase activity. Assay systems containing the other concentrations of DNP gave similar results to those produced with the substance at a concentra tion of 5 -10~5 M. Only at the highest concentration of DNP (i.e . 5 -10_ 3 M) was a partial inhibition of the enzyme encountered. W hether this inhibition was direct or resulted from other causes could not be determined. The Reversibility of Enzyme Activity. Experi ments were conducted to determine whether the ATP-ase, alkaline phosphatase, and glucose-6-phosphatase of cell homogenates were capable of ortho phosphate esterification when incubated with their normal reaction products under otherwise standard ized assay conditions.
ASSAY TIM E (H O U R )
The reversibility of ATP-ase activity was tested for by incubating cell homogenate in both the standard B. 
The Enzymatic Exchange of Orthophosphate with
Substrate Phosphorous. Standardized substrate-buffer system were prepared for the assay of ATP-ase, alkaline phosphatase, and glucose-6-phosphatase. In addition, about one m icrocurie of radioactive ortho phosphate (P i32) (0.047 mg P /2.54 millicuries) plus 5 jug carrier orthophosphate phosphorous was added to each assay system. Following the addition of a uniform amount of cell homogenate, incubation was carried out under standardized conditions. Periodically, samples were removed over an 8.5 hour interval. The total orthophosphate was ex tracted from each sample by the procedure of distributed into a planchet and radioactive counts were made in a IVuclear-Chicago Model 182 A scaling unit with a Model DS 5 scintillation detector. Duplicate assay systems were set up in each case. The results from this experiment are presented in Table I . It can be seen that although some variation in P i32 measurements existed between corresponding samples with respect to time, the data tended to in dicate that little or no change in the concentration of the isotope was taking place in the orthophos phate fraction. Therefore, an exchange reaction ap parently was not operative under any of the condi tions used in the assay of ATP-ase, alkaline phos phatase, or glucose-6-phosphatase activity.
Discussion
The nature of the variations which were observed in the total activity of the three phosphatases in a standard amount of cell homogenate cannot be spe cified, prim arily because of problems of specificity and the fact that the function these enzymes serve in cell metabolism is not well understood. However, as has already been mentioned, the ATP-ase activity is enhanced as a result of degenerative changes in the metabolic activity of many intact or disrupted cell preparations. Such changes usually occur spon taneously in "ageing" cell isolates 20 and therefore one would expect a fairly high activity from the enzyme under the experimental conditions used in this study.
On the other hand a very low alkaline phos phatase and glucose-6-phosphatase activity may be explained by the observations of a num ber of wor kers 6-7' 21 • 22-10 that in certain instances these enzymes are markedly depressed in activity in the presence of inorganic or esterified phosphate. How ever, in several instances 23, 24 where such an effect has been looked for in mammalian tissue culture material the concentration of inorganic phosphate in the medium has been shown to have little or no effect on the reaction unless relatively high concen trations were present.
It is also possible that the low activity of these enzymes resulted from the change of the highly dif ferentiated cells in the intact kidney to the type which replicate in tissue culture. Some evidence for this idea has been presented by B a n g and N i v e n 25, L i e b e r m a n and O v e 26, and Rossi et al. 27 . As Cox and The results obtained in the characterization of the activity of the three phosphatases with respect to substrate and homogenate concentration parallel those obtained by other workers using a variety of sources for such enzymes. Thus the ATP-ase activity of a digitonin extract of rat liver mitochondria was found by C o o p e r 30 to be linear with respect to time. A. aegypti) which were used.
It should be pointed out that under the experi mental conditions of this study the ATP-ase activity brought about substrate hydrolysis in excess of that stoichiometrically predicted for the total removal of the terminal phosphate of ATP. It is likely that other enzymes were responsible for this result, notably myokinase and nucleoside monophosphate kinase, among other possibilities.
Studies on the activity of alkaline phosphatase from rat small intestine by T r i a n t a p h y l l o p o u l o s and T u b a 33 revealed that the reaction under their conditions was directly proportional to time over an assay period of 1 hour. In addition, they found that so long as the concentration of the enzyme in homogenates did not exceed 80 units//, a straight line was obtained by plotting activity against enzyme concentration. M c C a r t h y and H i n s h e l w o o d 34 de m onstrated that the activity of the enzyme in B. lactis aerogenes was directly proportional to the num ber of cells which were used in the assay system. Kinetic studies by N i t o w s k y and H e r z 3a on alkaline phosphatase from tissue cultured liver cell fractions showed the reaction to be zero order, with the acti vity linearly dependent on enzyme concentration over a 100-fold range. A sim ilar reaction order was shown by Ahmed and K i n g 36 to exist for purified placental alkaline phosphatase. Its duration de pended on the type of substrate as well as the buf fer used in the assay system. A zero order reaction also existed for an alkaline phosphomonoesterase 29 E. KovÄcs, V. S t ü r t z and G . W a g n e r , Z. Naturforschg. isolated by Kus and B lumenthal 37 from Neurospora crassa.
S egal et al. 38 and S egal and W ashko 39 deter mined that the glucose-6-phosphatase activity in whole rat liver homogenates, and in microsomal fractions, was directly proportional to assay time and, further, that a plot of activity with respect to enzyme concentration gave a straight line relation ship. K oide and Oda 3 demonstrated the presence of a very low glucose-6-phosphatase activity in human serum. Substrate hydrolysis by this enzyme pro ceeded in a manner which was directly proportional to time for a period of at least one hour. 6 .0 to 9.0, w ith direct proportionality existin g betw een 6 .5 and 8.5 . S in ce this type of data has been interpreted in term s o f a num ber of fu nction al A T P -ases it m ight thus serve to explain the differences n oted w ith regard to the effect of pn on A T P -ase activity in the two b u f fer system s. In the B.C. system a num ber of A TPases (and other phosphatases) m igh t be fu n ction al, w hile in the H istidin e system such activity w ould perhaps be confined prim arily to the enzym e (s) which gives optim al effects in the region o f pn 7.0. L a n d a u and S c h l a m o w i t z 44 have pointed out that the method of preparation affects the behavior of certain phosphatases, and that a multiplicity of ac tivity peaks does not necessarily establish the exi stence of several enzymes in the native tissue. This observation might be relevant to our conditions. Metal ion activation of ATP-ase has been demon strated by a large number of workers; for example, by the publications of G a m b le and L e h n i n g e r 45 and M y e r s and S l a t e r 43. B r o n k and K i e l l y 46 have pre sented data which indicate that the optimum concen tration of substrate used in the assay. It is quite likely that if we had considered this possibility, and also metal ion interaction, considerably advanced activity of ATP-ase in the kidney cell homogenates might have been obtained. While 2.4-Dinitrophenol (DNP) is generally re garded as a "stim ulator" of ATP-ase activity, evi dence exists that in a number of situations this is not the case. For example, K l e m p e r e r 20 showed that a concentration of DNP of 5*10~5 M inhibited oxidative phosphorylation of freshly isolated rat liver mitochondria almost 100% but had no effect on the ATP-ase activity of the particles. A similar effect with different systems was noted by P e r r y and C h a p p e l l 47, C o o p e r 2 and P u r v i s 48, among others. G i l m o u r and G r i f f i t h s 49 have observed an inhibition of ATP-ase activity brought about by DNP, and concluded that this inhibition was in some way dependent on the substrate concentration used in the assay system.
The absence of a substrate-Pi32 exchange reaction under the experimental conditions of this study was not unexpected. "Aged" preparations were used, and P l a u t 50 has shown that the enzyme from pig liver and heart mitochondria catalyzing this reaction is unstable. It has also been reported by E g g l e s t o n 51 that their preparations required certain amino acids for maximal activity. In addition. Löw et al. 52 have shown that the reaction in rat liver mitochondria was inhibited if the assay system contained signifi cant amounts of AMP or ADP. However, C h ig a and
